INTRODUCTION
Human exploration missions to Mars will be costly for a long mission duration if resources such as clean air, water, and food for life support have to be stored and transported from Earth. It becomes a necessity for the space exploration program to develop an optimum regenerative advanced life support system for resource regeneration.
Although numerous physical-chemical processes and biological regenerative processes for space applications have been developed for air reclamation, potable water reclamation, and human waste processing (Ref. , the process of selecting an optimum regenerative ALS system without the aide of a powerful analysis tool will be time-consuming and costly. JSC Crew and Thermal System Division initiated the development of ALSSAT using a Microsoft® Excel spreadsheet program (Ref. 1) in 1997.
A Direct Input/Output worksheet was developed to show the instantaneous calculation results of changes made to the current case. It can be used for parametric study without going through the whole series of data input once the desired data has been entered.
Sizing models for different regenerative technologies included in ALSSAT were constantly upgraded to improve the calculation accuracies. For example, the original baseline nominal capacity (BNC) for all regenerative subsystem sizing data in ALSSAT was that of a four-person load. The improved ISS WRS sizing data was designed based on treating wastewater generated by a 4-to-7-person load. Logic has been implemented into ALSSAT so that the equipment sizing result will remain the same if the wastewater processing rate falls in between the minimum and maximum BNC instead of scaling it up or down based on the original BNC.
Assumptions used in all mass balance and sizing calculations were specified and included as comments within individual Excel® cells to assist in traceability purposes.
Detailed upgrades of the AMS, WMS, and Biomass, and the inclusion of the SWMS, the TCS, the FMS, the EVA, the HA, and the ESM calculation worksheets, are depicted in the following sections.
Air Management Subsystem (AMS) (Ref. 27-36)
The AMS mass balance sheets and block flow diagrams were redesigned using the format widely accepted in the chemical industry for process design.
The newly developed mass balance sheets are self-explanatory and easy to maintain. The mass balance sheets are summarized in one worksheet that replaces the original 21 mass balance worksheets developed in 1999.
The Carbon Dioxide and Moisture Removal Subsystem (CMRS) and Electrochemical CO2 Removal Technology (EDC) were added to CO 2 removal technology option list. The CO 2 removal technologies now available in ALSSAT include the 4-Bed Molecular Sieve (4BMS), Solid Amine Vacuum Desorption (SAVD), CMRS, EDC, and the Lithium Hydroxide (LiOH) CO 2 removal technologies.
Individual block flow diagrams and mass balance sheets were developed for the AMS using different CO2 removal technologies. They were developed separately for the ease of maintenance and future updates.
The AMS Block Flow Diagram (BFD) shows the relationship of the secondary subsystems included in the AMS Subsystem and how the AMS and its secondary subsystems are directly and indirectly related to the other ALS subsystems. The inlet and outlet streams of each subsystem are clearly defined and labeled with stream numbers. The mass balance sheet, a summary of the stream properties, was developed in conjunction with the block flow diagram. Stream properties, such as mass flow rates of all chemical species for a certain stream (e.g. FA1), are included in stream "FA1" column of the mass balance sheet. The mass balance sheet also shows the source block and destination block that the stream is flowing from and to inside the BFD.
The AMS BFD and mass balance sheet for a specific mission scenario are presented in Figures 2 and 3, respectively. Figure 2 is the AMS BFD with 4BMS as its CO 2 removal technology, Sabatier reaction as its CO2 Reduction technology, and Solid Polymer Electrolysis (SPE) as its Oxygen Generation Subsystem (OGS) technology.
-t Figure 3 is the AMS mass balance sheet developed in conjunction with the BFD shown in Figure  2 . The AMS mass balance sheet cannot be displayed/fitted into one single page; therefore, it is shown in four sections as labeled. Please refer to Reference 5 for further details. Figure 4 shows the ARS mass balance summary table. The table further summarizes the resources required that are not included in the closed loop regenerative system due to their nondaily consumption (e.g. air for the cabin repress) and the resources required for contingency. The total 02 and N 2 to be stored and transported for the mission are calculated. The amount of N 2 and 02 to be brought up the space will be passed to the corresponding sizing worksheet for sizing the storage tanks.
1-igure z. blOCK i-iow uiagram OT me /r using 'bM i-cemovai ana aatier ieaucuon When CO2 reduction is selected by the user for recovering part of the 02 contained in the CO2 species through electrolysis of the H 20, the amount of 002 to be reduced is based on the available amount of H 2 generated as a byproduct through the 02 Generation Subsystem (OGS). Excess CO2 will be dumped overboard. H 2 will not be transported for complete CO2 reduction due to the safety concerns associated with bringing extra H 2 into space. The Biomass Subsystem is based on the assumption that a small salad crop will be grown to supplement one of the diets listed in the Food Subsystem. It is assumed that the salad machine will be capable of producing lettuce, carrot, radish, spinach, tomato, and cabbage. The harvested vegetables will supplement the diet as salads, snacks, and steamed entrees.
The mass balance performed over the salad machine uses individual values for each of the listed crops to determine the total biomass productivity. Using biomass productivity, along with crop harvest indices, and knowing the area required for each crop allows calculation of the total edible biomass storage requirement, amount of wasted inedible biomass to be treated by the Waste Subsystem, required growth area, and estimated chamber volume. The individual average crop CO2 removal rates, 02 generation rates, and carbon uptakes serve to perform a gas balance. A water balance is performed using the total crop water uptake and transpiration value.
Food Management Subsystem (FMS) (Ref. 38-39)
The Food Subsystem includes four diets, each based on the original Shuttle Training Menu (STM). Options 1 is identical to the original STM and consists of beverages, fresh food items, irradiated food items, intermediate-moisture food items, natural form food items, rehydratable food items, and thermostabilized food items. Option 2 uses the STM as a menu basis but replaces certain intermediate-moisture content food items with low-moisture content food items. A third diet contains frozen foods in addition to those food types outlined under the Shuttle Training Menu. User selection includes an optional salad crop with each of these menus. The fourth option is based on the STM; however, the natural form and fresh food items have been combined to reduce the packaging wastage. The bulk packaging option automatically assumes a salad crop. The vitamin and nutrition content is similar in all diets.
Each menu option requires the use of a rehydrating unit and a convection oven. Additionally, the frozen food diet requires refrigerator/freezer units and a microwave oven. These appliances are used to calculate the Food Subsystem power contribution. Volume contributions are from the rehydrating unit, oven, refrigerators, freezers, microwaves, and food lockers.
The mass balance performed over the Food Workbook has been used in the overall mass balance to account for impacts by CO 2, 02, water, human waste, and trash values. 
Thermal Control Subsystem (TCS)
The Temperature and Humidity Control (THC) calculations, previously contained in the AMS, have been relocated to the TCS as suggested by the ALS community, and the Peer Review Committee during the peer review conducted in 2001.
The Internal Thermal Control Subsystem (ITCS) of the TCS workbook was integrated into ALSSAT to account for the ITCS mass, volume, and power in conjunction with the heat removal of the ECLSS.
Validation of the calculations and correlations in sizing the ITCS pump of the TCS worksheet in ALSSAT was completed. The calculation procedures and correlations adopted in the TCS workbook were reviewed and verified.
Waste Management Subsystem (SWMS) (Ref. 40)
The Waste Management Subsystem was implemented into ALSSAT with four technology options. They are Storage, Warm Air Drying (WAD), Lyophilization, and a combination of Solid Waste Treatment technologies, namely Storage+WAD+Lyophilization.
Solid waste streams considered in ALSSAT include the plant biomass, paper/wipes/tissues, filters, miscellaneous dry waste, disposable dirty clothes from crew quarter, packaging material from Food Subsystem, fecal waste from crew quarter, brine from the WRS, and the used Maximum Absorbency Garment (MAC) as Extravehicular Mobilitiy Unit (EMU) waste from EVA activities.
The user can select one of the technology options based on the mission scenarios.
For the Storage option, all the waste streams will be combined and sent to the waste collection station for storage.
The WAD option allows user to recover the water from the wet waste. The WAD option separates the odorless waste streams from the fecal waste, the brine and EMU waste. The odorless streams are combined and dried with dry air while the fecal waste, brine from the WRS, and EMU waste streams will be combined and treated with the TCCS before being sent to the dryer for further treatment with dry air from the blower. The wastewater recovered from the dryer is sent to the Water Management Subsystem (WMS) for purification. The dry waste will be compacted and sent to the dry waste collection station for storage.
The Lyophilization option also allows the user to recover the water from wet waste using the sublimation process. Some of the bulk mass streams will have to be shredded before being sent to the lyophilization unit for processing. The wastewater recovered from sublimation will be sent to the WMS for purification, while the dry waste will be compacted and sent for storage.
The last option used a combination of the first three technologies to treat the waste streams based upon the characteristics of the different waste streams in SWMS. It classifies the waste streams into three categories and treats them with the most appropriate technologies. The fecal waste, brine, and EMU waste are included in Category 1. They are sent to the shredder for grinding, then delivered to the lyophilization unit for treatment. The plant biomass from plant growth chamber, the waste paper from crew quarter, the wipes/tissues from crew quarter, and the packaging material from Food Subsystem are classified as Category 2. They are sent to the dryer for drying using dry air. Category 3 is the dry trash. It includes the tapes and filters from the crew quarter, miscellaneous dry trash, and disposable dirty clothes. These waste items are combined and sent to the dry trash compactor for volume reduction before being sent to the storage tank.
BFD and mass balance sheets for all four SWMS options were developed and integrated into ALSSAT.
The SWMS Master worksheet contains the BFD and mass balance sheet of the primary SWMS. The mass balance sheet shown in Figure 9 of the selected SWMS technology performs the mass balance and calculates the processing rates to be handled by the different equipment used by this technology. The processing rates were transferred to the specific equipment's sizing worksheets for equipment sizing.
The recovered wastewater requiring further treatment is returned to the designated column in the SWMS primary mass balance sheet and transferred to the WMS for programmatic distribution through the Integration and Overall Mass Balance Module. The block flow diagram and mass balance sheet of the primary WMS are shown in Figures 10  and 11 , respectively. Figure 10 shows the relationship between the WMS internal subsystems including the potable/hygiene water storage, potable water distribution, water treatment process, etc., and its relationship with the other ALS subsystems, including the AMS, Biomass, Food, SWMS, etc., directly and indirectly.
The WMS adopts the same format used in the development of the AMS BFD. The inlet and outlet streams of each WMS internal subsystem and ALS subsystem are clearly defined and labeled with stream numbers. The mass balance sheet shown in Figure 11 summarizes the wastewater streams generated by and potable water required by the crewmembers. These numbers are input by the ALSSAT user through the User Interface Module. It also summarizes the wastewater generated by the other ALS subsystems and external interfaces, as well as the potable water required by the other ALS subsystems and external interfaces. The flow rates are transferred to this balance sheet through the Integration and Overall Mass Balance Module by integrating all of the ALS subsystems together.
The wastewater streams are further transferred into the mass balance sheet of the selected Water Recovery Subsystem for calculating the potable water recovered. The ISS WRS is used for this case study. Its BFD and mass balance sheet are shown in Figures 12 and 13 , respectively. The amount of potable water recovered depends on the water recovery efficiency set for the WRS selected. The potable water stream is returned to the primary mass balance sheet for makeup water calculation. It is worth mentioning that, after the overall mass balance integration of all the ALS subsystems and external interfaces, the makeup water stream in the WMS mass balance sheet shows the water deficiency or excess situation. For the water deficiency case, an additional storage tank with water to be brought up the space was sized; for the water excess case, the amount of excess water will be displayed as a negative value in the integration summary sheet to show the user that excess water exists in the case study. An option for treating laundry wastewater separately from other wastewater streams by the Reverse Osmosis (RO) treatment process was implemented. The RO treatment process is accessible when the Biological Water Recovery Subsystem (BWRS) is the water recovery technology of choice. Previous treatment processes were accomplished by sending the laundry wastewater into the total feed tank of the bioreactor. The block flow diagram and mass balance sheet of the BWRS were modified to handle the impact of this inclusion.
Wastewater and urine for the open loop system will be stored and brought back to the surface, as denoted in the FY02 version. Should it be decided to dump the wastewater and urine overboard for the open loop system, the wastewater and urine storage will be zeroed out. This issue will be discussed and revised in the FY04 ALSSAT release.
Extravehicular Activities (EVA)
The block flow diagram and mass balance sheet of the EVA external interface were also developed (Ref. 4, 5) .
The EVA interface also allows user to select the option of carrying an inflatable airlock for emergency EVA on the Transit Vehicle. Note that the current design of the Mars Transit Vehicle does not include an airlock.
After the user enters the data prompted by ALSSAT for the EVA interface, consumables like air and water needed for the EVA will be calculated. For a closed loop system, the recovered cooling water will be sent to the WMS for further purification.
The user can select the airlock recycle pump option for minimizing air loss due to EVA for long missions as well as short missions.
For long mission durations on the Martian surface, the user can select the option of generating EVA 02 by the OGA in space instead of transporting 02.
Used Maximum Absorbency Garments (MAG) will be sent to the Waste Management Subsystem for storage or treatment in recovering the water if the closed loop is selected.
The amount of food for EVA contingent purposes was calculated based upon the Shuttle Training Menu and is listed as a separate contingent contribution in ALSSAT's summary of results.
Detailed assumptions, BFD, and the mass balance sheet can be found in Reference 5.
Human Accommodations (HA) Interface (Ref. 5)
The BFD and mass balance sheet for the HA interface were implemented.
The interface between the HA and the ALS subsystems are the disposable dirty laundry to the waste management subsystem and laundry water to/from the Water Management Subsystem (WMS) if a laundry machine is used. The clothes used by the crew are tracked as disposable clothes or reusable clothes.
Washer and dryer mass and volume values were scaled in accordance with the crew size and water consumption rate if the use of a laundry machine is selected for the mission.
Detailed assumptions, BFD, and the mass balance sheet of the HA can be found in Reference 5.
Overall Mass Balance (Ref. 4, 5)
A block flow diagram (ALSSAT BFD) for the overall mass balance module that relates the six ALS subsystems and the external interfaces applicable to the ECLSS was developed and shown in Figure 14 . An overall mass balance sheet that integrates the ALS subsystems and the external interfaces in conjunction with the ALSSAT BFD was also developed with embedded detailed assumptions, comments, and references for better traceability. A flowsheet of the overall mass balance was developed in the matrix form to show the relationship between the six ALS subsystems, including the AMS, Biomass, FMS, TCS, SWMS, WMS, and the three external interfaces, including the EVA, HA, and the In-Situ Resource Utilization (ISRU) interfaces. Cost factors for the volume, power, cooling, and crew time based on the different environments were collected from References 50 and 51 and summarized in the ESM calculation worksheet shown in Table 1 . The cost factors are made transparent to the user, so that they can be updated easily when the values are changed in the future.
The ESM worksheet was designed to track the subsystem mass, volume, power, cooling, resupply mass, and resupply volume of the hardware units in routine operation and to track the subsystem mass and volume for the redundant hardware units In order to simplify ALSSAT's input and calculation processes, the user is allowed to select a simple mission, such as ISS, or single vehicle (e.g. Mars Transit Vehicle) instead of missions that includes more than one vehicle, such as the Dual Lander. Figure 15 shows part of the ESM calculation results for the six ALS subsystems from one sample case study. Detailed assumptions and calculation results for the six ALS subsystems and the External Interfaces, including contingency, can be found in Reference 5.
Contingency and Redundancy
The contingency option for regenerative subsystem was included. Inclusion of redundant hardware units as user-specified options within the six Advanced Life Support internal subsystems was also completed.
The mass balance worksheets, sizing worksheets, and the ESM calculation worksheet, impacted by the inclusion of the contingency and redundancy options for the six Advanced Life Support (ALS) Subsystems and two External Interfaces, were updated and integrated.
The results of additional ECLSS mass, volume, and power requirements due to the inclusion of contingency for mission scenarios were calculated separately from those of the routine operation.
User Interface Module
The Modifications to the ALSSAT program and user interfaces were performed, resulting in an increased ease of data entry and program maintenance.
The user interface module has been significantly improved by the inclusion of redundant and contingent considerations. The individual interface forms were modified to contain user input prompts for all equipment that may benefit from redundant units. Contingent considerations are addressed at the beginning of data entry. The user is given an option to input contingent items in the first interface form. If this option is chosen, a program "flag" causes each remaining form to display a contingent data entry box in all applicable areas. A default of 10 days has been assumed for contingency purposes.
The VB program code enables the tool to read data from and write data to an independent text file. It reactivated ALSSAT's ability to provide four mission scenarios studies for up to four separate missions.
Results Presentation Enhancement
The addition of all user-specified input data to ALSSAT's multiple-mission Comparison Page was completed. This is beneficial to the user in that it displays the input values used to generate results listed Contingency results are captured within their own area on the worksheet, enabling the user to quickly determine the contingent impacts upon mission scenarios. A Direct Input/Output worksheet was created within the ALSSAT to allow the user to immediately obtain results for a single mission when changes are made to the original input for one single mission scenario. This is done by entering the change through the Main Module and is independent of the user interface forms. The original scenario results will remain unchanged in the Comparison Page once the VB program has been executed.
ALSSAT'S APPLICATIONS IN TRADE STUDIES
Several trade studies were conducted using ALSSAT during FY03. The results of the first trade study are presented in this paper.
Stud y 1. Mars Transit Vehicle (MTV) with and without airlock for emerqency EVA For the Mars missions, the top priority is to reduce the consumption of resources such as air and water due to the high cost of transporting them. The Mars Transit Vehicle and the DescentlAscent Vehicle are not currently designed to be equipped with an airlock. If an emergency EVA is required for any reason, the lack of an airlock will cause a significant amount of air loss for a vehicle dependent upon cabin volume alone.
A vehicle equipped with an airlock will add additional launch mass and volume to the vehic'e, thus increasing the overall ESM of the vehicle. ALSSAT was used to perform the feasibility study of adding an airlock to the vehicle. This study calculated the breakeven point between the airlock mass and the additional launch mass caused by bringing additional 02 and N2 high pressure storage tanks needed to compensate for the total air loss that occurs when performing EVA without an airlock.
In order to minimize the total launch mass and volume of the vehicle, an inflatable airlock (Ref. 43 ) was used for the study.
In order to simplify the trade study, it was assumed that there was no recycle pump for contingent EVAs with an airlock for the MTV. Case studies were also performed for the DAV with an airlock versus the DAV with both airlock and recycle pump. The recovery efficiency of the recycle pump was assumed to be 90%. The study on the DAV with an airlock was expanded to include a recycle pump in order to determine the impact of the recycle pump. Figure 19 compares the ECLSS mass for the three case studies and shows that the breakeven point for the DAV with an airlock (no recycle pump) and without an airlock is 5.5 EVAs, while the breakeven point for the DAV with an airlock (including pump) and without an airlock is four EVAs. Figure 20 compares the ECLSS volume for the three cases and shows that the breakeven point for the DAV with airlock is 22 EVAs and the breakeven point for the DAV with an airlock (including pump) is 19 EVAs. Figure 21 compares the ECLSS ESM for the three cases and shows that the breakeven point for the DAV with an airlock is six EVAs and the breakeven point for the DAV with an airlock and pump is eight EVAs. 
______•muuuuuuuuIj

. II L'I'l ----------------------------------------------------.-u---
.7 This study concluded that the larger the cabin volume of the vehicle, the fewer the number of EVAs required to pay off the extra mass caused by carrying the airlock to space.
--------------------------
For an MTV mission, inclusion of an inflatable airlock is justified, considering that the breakeven point is one EVA for a round-trip mission of 360 days. A normal mission duration is 180 days.
For a DAV mission, inclusion of an inflatable airlock may not be necessary, based on the current assumption of a cabin volume of 25.5 m 3. As Figure 21 shows, the breakeven point for the DAV with an airlock (no recycle pump) and without an airlock is six EVAs, while the breakeven point for DAV with an airlock (including recycle pump) and without an airlock is eight EVA5. The DAV's normal mission duration is seven days, while its maximum mission duration is 30 days.
Although the recycle pump can reduce the air loss in order to reduce the ECLSS launch mass and volume, the power consumption by the recycle pump makes it unfavorable for short duration missions.
This study also shows that the ESM system is quite helpful in decision-making for feasibility studies. It is difficult to determine the proper direction based on the calculation results of the three fundamental measurements, i.e. the mass, volume, and power, especially when these three measurements are moving in different directions. For instance, using the recycle pump increases the power consumption, while the ECLSS mass and volume are reduced by the pump's inclusion. Without the ESM system, it would be difficult to decide at what point to use the recycle pump with an airlock.
CONCLUSIONS
ALSSAT has been upgraded into a well-developed sizing analysis tool for the ALS technology trade studies since its publication in ICES 2001. ALSSAT has been constantly upgraded to include more technology selections for the ALS subsystems, to improve its calculation accuracies, to update the subsystems with more current sizing data, and to increase its flexibility in performing trade studies. It has been expanded to include the Food Management Subsystem, Waste Management Subsystem, Thermal Control Subsystem, the EVA and Human Accommodations, and the ESM calculation.
The Overall Mass Balance worksheet was implemented to integrate the ALS subsystems and the external interfaces. The integration allows the user to determine the impact of the overall result if the user wants to compare the different options or technologies used by a certain regenerative subsystem.
The user can perform parametric studies by changing a single parameter in the Main Module and to view the instantaneous change of the result in the Direct Input/Output worksheet. The user can also run multiple case studies by entering the inputs and storing them in separate files. The data files can be reloaded to run up to four cases at the same time to view the impact of selecting different technology/options by displaying the results in the graphical format. The addition of contingency options allows the user to view of the four cases with and without contingency, bringing the total case comparison capability up to eight cases.
ALSSAT demonstrated its capability in performing trade studies easily and efficiently, as illustrated by the inclusion of the airlock trade study evaluation results. It has been used to calculate the FY02 and FY03 Metrics reported to NASA Headquarter in Washington DC.
